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Mg-Be alloys are recognized as valuable materials for 
gas-cooled reactors. The idea of increasing heat-resistance 
of magnesium alloys by addition of beryllium in quantities 
considerably exceeding the limit of solid solubility of be- 
ryllium in magnesium and the mechanism of the protection 
effect of beryllium on the magnesium oxidation were consi- 
dered in the previous works /I, 2/. 

In the report presented the results of investigations 
of the advanced technology of preparation of Mg-Be alloys, 
containing consid.erable quantities of beryllium, as well as 
some new data about properties of these alloys are discussed. 

I. TECHNOLOGY OF PREPARATION OF Mg-Be - ALLOYS 


The need of Mg-Be alleys of high purity to be used as 
a thin-layer protective claddings for fuel elements makes 
the addition of beryllium into magnesium from salts, for 
example, Na2BeF^, BeClg etc. practically unacceptible . 

The only method which permits us to minimize the flux 
impurities in the ingots with a simultaneous provision of a 
considerable beryllium concentration in alloys is an addi- 
tion of beryllium from double or triple beryllium alloys with 
some other metal. Processing magnesium fusion under the pro- 


tection of special covering fluxes in open crucibles and the 
alloyage are effected at the temperature of 750-850°C. In 
this case the maximum Be concentration in the ingots did not 
exceed 0.03—0.04 % weight (ME-3 alloy). 

It is possible to increase the beryllium content in the 
ingots up to 0.07-0.09 by increasing the temperature of 
an^alloy up to 900-950°C, but in this case the quantity of 
impurities in ingots increases also because of fl.ux and oxide 
inclusions. The preparation of alloys in hermetically closed 
crucibles permits to melt the alloys with no covering fluxes. 
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In this case beryllium can be added into magnesium 
at the temperatures near the boiling point of magnesium. 
After melting and a subsequent rapid cooling of the alloy 
to the temperature of casting, the alloy pouring takes pla~ 
ce in the air without any protective fluxes. The optimum 
technology of the preparation of the alloy in closed cru- 
cibles consists in melting of an alloy at 1000-1050°C and 
casting it at 72O-750°C with minimum time-delay at these 
temperatures. 

Thus the ingots of 15-20 kg containing 0.09-0.20 % 
weight of beryllium can be obtained (MB -4 alloy) / 3/ ♦ 

Mg-Be alloys containing aluminium, calcium, silicon 
and thorium as a third component were obtained by means of 
this method. Investigations of effectiveness of introducing 
beryllium into liquid magnesium from different alloys sho- 
wed that the double Si-Be alloy is most acceptible in this 
case. 

Mg-Si-Be alloys thus obtained have a sufficient homo- 
genity of the structure and stable grain-size at high tem- 
peratures (Fig.I). Composition and some physical properties 
of alloys are given in tables I and II. 

The method of powder metallurgy is one of the most eco- 
nomical methods of preparing the magnesium alloys with a 
higher beryllium content. We have prepared heat-resistant 
powder Mg-Be alloys with 2-10% and more percent of Be con- 
tent ( Ilitb alloys'' /3, 4/. 

Magnesium powder of the 160-50 microns grain-size 
with a surface oxidation less than 0.18-20% weight were used 
as initial materials. The total content of impurities (wit- 
hout oxyden) was not more than 0.2% weight. 

The grain size of beryllium powder was-50, microns, 
oxidation of the surface was 1.5+2% weight and general pu- 
rity was better than 99*5%» The technological scheme common- 
ly used consists of subsequent operations of the formation 
and dry mixture of the charge, of cold briquetting and hot 
extruding of the powder. The porosity of the specimens from 
Mg-Be alloys obtained by hot extrusion at the optimum condi- 
tions is practically zero. Fig. 2 shows some specimens pre- 
pared of Mg-Be alloys. The composition and some properties 
of the alloys are given in tables I and II. 
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COMPOSITION OF ALLOYS 


TABLE I 


Composition 
of alloys % 
weight 
tfype of alios 


Si A1 Th Fe 


Cu MgO Ca Zr 


MB--4 


Mg-Al- 

Ee 

Mg-Th- 

Be 


from 

0.5 

to 

32 


0.01 - 0.04 - 0.001 0.005 0.2 - 

0.3 


0.04 0.5 - - 0.01 O.OOI 0,001 0.005 - 

0.08- 0.7 - - 0.01 0.001 0.001 0.005 - - 

0.15 

0.04 - 0.5 - 0.01 0.001 0.001 0.005 - - - 


0.04 - 


Mg-Ca-Zr-Be 0.04 - 


3 0.01 0.001 0.001 0.005 - 


- 0.01 0.001 0.001 0.005 - 0.5 0.5 



2. MECHANICAL PROPERTIES OF 


Some properties of Mg-Si-Be alloys MB -3, MB -4 and powder 
alloys DUE -2 and IIME -5 are given in table II. 

The physical properties of the alloys are almost the same 
as the properties of pure magnesium while the mechanical proper- 
ties are different. 

The mechanical properties of powder Mg-Be alloys in main 
part depend upon the quantities of fine-dispersed magnesium o ri- 
de on the surface of particles of the magnesium powder. The fine- 
dispersed oxide phase in the magnesium matrix results in the 
increase of the hardening and strengthness of alloys with the 
increase of the testing temperature. 

The addition of the fine-dispersed beryllium phase into the 
magnesium metal— ceramic alloy results in the alloy additional 
strength although it is accompanied by some decrease of plasti- 
city of alloys / 4/ . 


. «*• 
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The minimum plasticity of alloys at decreased rate of 
deformation is observed at 300-350° C (Pig. 3). The plastici- 
ty of alloys increases with the increase of the testing tem- 
perature, but plasticity of magnesium metal-ceramic that does 
not contain beryllium gradually decreases. This is evidently 
connected with the increase of the plasticity of a magnesium 
matrix which, in case of IIME alloys consists of a satura- 
ted solid solution of beryllium in magnesium. 

It is necessary to note that the use of the methods of 
the powder metallurgy for preparing urn Mg-Be alloys makes it 
possible to introduce easily the fine-dispersed magnesium 
oxide into the alloys and to improve their strength at the 
temperatures much higher the permissable operating temperatu- 
res of usual alloys on magnesium base. 

3. OXIDATION OF Mg-Be ALLOYS 


The results of the tests of powder alloys in the air and 
in technical carbon dlbxide (0.1— 0*2% HgO) under pressure of 
50 atm. showed that the Mg-Be alloys are corrosion resistant 
at the temperature of 580°C for more than 5000 hours if the 
beryllium content in alloys is equal to 2% or more (Pig. 4). 
The qualitative tests of corrosion-resistance of DUE alloys 
were performed under these conditions during 12000 hours 
(fig. 5). 

The electronographic and electronmicroscopic studies of 
the oxide films of IUfl> alloys showed that their structure 
and phase composition as well as those in the case of disti- 
led alleys depend upon beryllium content in the allqy, ty- 
pe of agreseive agent, temperature and period of oxidation 
/I, 2/. The essential feature of oxide film structure of 
MB alloys as well as of oxide films of distilled alloys is 
their double- layer structure which is especially distinct 
when the alloys are oxidized in the carbon dioxide. 

The rat© of oxidation of Mg-Si— Be alloys in the air and 
in the carbon dioxide (Pig. 4) slightly differs from the rate 
of oxidation of double Mg-Be alloys with the same beryllium 
content /2/. The alloys containing 0.08-0.15% of beryllium 
are not destroyed being tested in the air and in the carbon 
dioxide at 52O°0 for & period of more than 3000 hours. The 
resistance of these alloys is higher than that of alloys of 
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"magnox" type /5/ . The resistance of Mg-Si-Be alloys decrea- 
ses under pressure of 50 atm. of the carbon dioxide as com- 
pared with the alloy resistance under pressure of I atm. Ne- 
vertheless MB -4 alloys are not destroyed under these condi- 
tions for 50OO hours at 520°C or less (Fig. 4). MgO and small 
quantities of BeO are detected in oxidized films of y Mg-Si- 
-Be alloys by electronographic methods. 

The heat-resistance of the alloys that content Si, Al, 
Ca, Zr and Th depends first of all upon the beryllium content. 
Additions of Si, Al and Zr in quantities that are ftiven in 
the Table I have no appeciable effect upon the heat-resistan- 
ce of the alloys, but Th addition decreases the heat-resis- 
tance of the alloys. 

Calcium additions slightly improve the heat-resistance 
of alloys in the air but deteriorate the same in carbon dio- 
xide. 

The protective propertives of beryllium on oxidation 
of magnesium- beryllium alloys are dharacterized by predomi- 
nant diffusion of beryllium to the surface of oxidation and 
formation of BeO layer in the lower layers of oxide films. 

This layer is low*permeable for beryllium ions and practically 
impermeable for Mg ions. The process of magnesium oxide re- 
duction by beryllium plays an essential part in formation of 
a sublayer. 

The increase of a content of BeO in oxidized films re- 
sults in improvement of their strength and cohesion to the 
alloys. 

Long time heat-resistance of Mg-Be alloys is determined 
by beryllium content despite the fact that alloys of small 
beryllium content (0.03-0.2%) show a lower rate of oxidation 
at the initial oxidation stage than the alloys that have a 
larger content of beryllium (Fig. 6). The value of concent- 
ration of Be which is necessary to provide a long time heat- 
-resistance of alloys substantially depends upon the techno- 
logy of the preparing the alloy its structure and a quantity 
of other alloying components in it. Thus the heat-resistance 
of powder alloys is determined by the dispersion of berylli- 
um component, its distribution and is achieved at a conside- 
rably higher content of beryllium in an alloy than in alloys 
with high dispersed beryllium prepared by a distillation met- 
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Magnesium alloy corrosion resistance in different gases 
depends ho the great extent upon the humidity of these media. 

This report deals with the study of the behaviour of va- 
rious Mg-Be alloys at the temperatures of 500-580°C in the 
air containing 10% of HgO and in thb carbon dioxide containing 
6.5% of HgO. Comparing the curves (Fig. in 7, 8) with those 
(Fig. 4, 6) as well as with the results given in the work /2/, 
one finds that the moisture has no appreciable effect upon the 
alloy oxidation rate at the first stage of oxidation. However 
destruction of Mg-Be alloys prepared by disstillation with 
small amounts of beryllium begins after some time of oxida- 
tion while at the same time only porosity and swellings appear 
in some places of the alloys with a some higher beryllium 
content. The porosity that appear under the same conditions 
of oxidation in Mg-Be alloys prepared by powder metallurgy is 
much smaller. 

The alloys are corrosion-resistant for a long time in 
damp gases and in the water vapour at 520°C. 

Chemical analysis of samples of the alloys tested previo- 
usly in the damp medium showed that the process of hydrogena- 
tion of the alloys takes place during oxidation (Table III). 

TABIE III 

HYDROGEN CONTENT (CM 3 /1QO G OF METAL) IN MAGNESIUM 
AND Mg-Be ALLOYS 


Magnesium or Mg-Be After oxidation in 

alloy Before t#sting the air (10% 1^0) 

for 750 hours, 580° C 


Magnesium Mg- 1 

9 

The samples were 

Distilled magnesium 
(druse) 

13 

destroyed 

Distilled alloy 
(0.27% of Be) 

16 

86 

ffllB -5 alloy 

20 

80 


The harmful effect of water vapour upon Mg-Be alloys 
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during oxidation in a damp air and carbon dioxide is probably 
related to penetration of hydrogen ions formed during the 
interaction between the water vapour and Mg and Be into the 
lattice of the magnesium oxide and to its diffusion to the oxi- 
de— metal boundary and into the metal /6, 8A 

The atomic hydrogen dissolved in an oxide film and in a 
metal may reach the equilibrum with molecular hydrogen in po- 
res, cracks or in other defects of the oxide film and the me- 
tal since the equilibrum pressure of atomic hydrogen at con- 
sidered temperatures and the molecular hydrogen pressure of 

—*12 

I atm is equal to 10 atm, the pressure of molecular hydro- 
gen in this case may reach a high value and destroy the mate- 
rial. 

A favourable effect of beryllium on magnesium oxidation in 
damp gas media is probably related to strengthening of oxide 
films and their better cohesion to the metal and the decrease 
of hydrogen penetration into them. 

Therefore in case of Mg-Be alloys the atomic hydrogen 
diffuses into the alloy in considerable quantities without 
destroying oxide films and appears in molecular stare on the 
defects of an alloy, and this results sometimes in swelling 
of the alloy. In case of oxidation of pure magnesium and Y Mg- 
Be alloys with a small beryllium content ( ^ 0,005%), the me- 
tal-oxide film boundary or the film itself is the weakest 
point of the system. These materials are oxidized with no 
formation of protective films. A smaller effect of nydrogen 
in powder Mg-Be alloys may be due to strengthening of these 
alloys by particles of beryllium MgBe^ intermetallide and 
oxide films . 

Ignition temperature of pure magnesium in the air is be- 
low its melting point and equals to 632-2. 5°C 5 and in pressu- 
rized carbon dioxide it is equal to 6^0^7^0°G (Table IV). 

Ignition temperature of Mg-Be alloys both in the air 
and the carbon dioxide rises considerably with the increase of 
beryllium concentration. 
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TABLE IV 

IGNITION TEMPERATURE OF ALLOYS 



Temperature at the beginning of intensitive oxidation. 

Heating up to high temperature( above 700°) in the pressu- 
rized commercial carbon dioxide results in the alloy destructi- 
on but the total inflammation does not take place. 

5. COMPATIBILITY OF Mg-Be ALLOYS WITH DIFFERENT 
MATERIALS 

Mg-Be alloys are incompatible with Al,Zn,Cu,Ni at tempe- 
ratures of 450-500°C since formation of eutectics and interme- 
diate layers of low corrosion-resistance results in the alloy 
destruction. However if the beryllium content in alloys reached 
2-5% weight the alloys resisted to a considerable overheating 
above the temperature of an eutectic formation without des — 
truction . The Mg-Be alloys are compatible with chromium, ti- 
tanium, carbon and uranium for long periods at the temperature 
of 580-600° C (Table Y). 

Mg-Be compatibility with Zr, Zr-Cu alloys, stainless and 
low carbon steels depends upon th.e method of fabrication of 
Mg-Be alloys, upon oxidation level of contact surface, of tes- 
ted materials and also upon the pressing force between the 
samplee (Table Y). Preliminary oxidation of the contact sur- 
faces of the materials makes them quite compatible at tempera- 
tures in the range of 500-550°C. 
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Tested 

material 

t°c 

of 

test 

Time 

of 

test 

(hrs) 

Alloys 

Degree of diffusion, 

interaction 

Note 


450 

165U 

Mg-Si-rfte , IIM5-5 

interaction was not 

observed 

Initial pressing force 

15-20 kg/am 2 

Zr, 

520 

650 

Mg— Si , Be- Mg- Be 

Diffusion layer 
up to 300 m 

Initial pressing force 

15 - 20 kg/mm 

Zr-Cu 


1000 

TIME -5 

Diffusion layer 

15 - 20 m. 

■ . — — — — — f 



450 

Mg— Be , Mg— Si— Be 

Diffusion layers 
up to 400 m 

Corrosion destruction 

in contact place 0 

— — 1 


ron 

ccn 

[TME -5 



(0.5-1% Cu) 

bou 

v.2k? 

1000 

Hme -5 

Interaction was not 
observed 

Tablets of Zr-Cu alloy 
were previously oxidized 


450 

1650 

Mg- Be , Mg-Si-Be 

- " — 


Steel 

1x18H9T 


200 



Initial pressing force 

1 kg/mm 2 


520 

200 


Diffusion layers 

0.5-1 mm 

Initial pressing force 

15-20 kg/mm 2 

Steel 3 

580 

120 

_n_ 

Interaction was 
not observed 

InitialpPressing force 

1 kg/mm^ 



200 


Diffusion layers 

1 - 2 mm 

Initial pressing force 15-20 kg/mm 2 . 
Diffusion of Ni, Fe into Mg alloys 
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450 ^ 650 Mg— Be , Mg-Si-Be 


Interaction was 

not observed 


Ti,Cr f C 


Sintering of tablets 
Ti and Cr with Mg-Be 
alloys takes place 


580 900 


■H 

I 


520 lOOO Mg— Be 


Poor diffusion 

interaction with 

formation UBe^, 

solution of U in Mg 


Impoverishment of 

Mg- Be Alloy in 

beryllium is 

observed 



0 *) £ 
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APPLICATION OF Mg- Be ALLOYS FOR COATING OF ROD 
FUEL ELEMENTS 

TubeB were extruded from MB and DUB alloys and used 
afterwards for coating of uranium rods of fuel elements of 
the heavy water has reactor (I, 9/» The fuel elements of 
5 mm outer diameter and 4000 mm long were coated with a 
layer of Mg-Be alloy that was 0.5 mm thick. Rod fuel elements, 
were tested for a long time in the air and in the static 
carbon dioxide at the pressure of 50 atm (Table VI, Fig. 9). 

TABLE VI 


Test conditions 

Coating 

material 

Air Iatm. Commercial Carbon dioxide 

50 atm. (humidity) 

0.1% weight) 

520°C 

470°g 520° C 550°C 

Mg— Si- Be alloy 



MB -4 

3000 hr 3 ™ 

1 1000 hr x 5000 hr x 2000 hr™ 

Powder alloy UME -2 

- 

1 1000 hr x 1 1000 hr x 7000 hr™ 

IIME -5 2000 hr x 

11000 hr IIOOO hr x 1 1000 hr x 


x 

Tests are continued without coating destruction. 
** Time interval before coating destruction. 


yf is clear from the data feiven in Table YI that powder 
alloy IIME -5 is the most corrosion-resistant material com- 
pared with all other materials having been tested. 

As the experiments showed fuel elements coated with 
the alloy endure overheating in the air and also in the car- 
bon dioxide without destruction up to the temperature of 
650°C. 

A decrease of the beryllium content in alloys during 
long-time tests is observed due to burning out beryllium 
during oxidation of alloys as well as to beryllium diffusion 
into uranium and formation of internets Hide compound UBe,,,. 
The thickness of the impoverished layer in distilled alloys 
which have a high dispersed beryllium component reaches ^0 ji 
on the boundary alloy-carbon dioxide and— 100 on the boun- 
dary alloy-uranium interface (Fig. 10). It was found out after 
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testing for 1500 hours at 580°C » The impoverished layer in 
both cases equals to 30-40 // after testing for 25OO hours 
at 520°0. 

The decrease of beryllium content is less observed in 
powder alloys than in distilled alloys.lt is explained first 
of all by lower dispersion of beryllium in alloys. Tests of 
fuel elements proved that the increase of roughness of the 
protective coatings under static conditions in the air and 
carbon dioxide at 550°C , after 7000-10000 hours does not 
exceed 15-20 micron and is mainly due to corrosion proces- 
ses on the coating surface. 

Tensile tests of rod fuel elements showed that providing 
the maximum cohesion of coating to an uranium core one may 
considerably improve the plasticity of thin sheets of magne- 
sium-beryllium layer. In this case the permissible elonga- 
tion of coating, which is not followed by any breakdown in its 
air-tightness, may reach 15-20% (Table HI) even at a low 
rate of elongation, 

TABLE YII 


ULTIMATE DEFORMATION OF I 1 ME -5 ALLOY COATING 



Temperature of testing 

250°C 

300°C 

400°C 

500°C 

Ultimate deformation 
of HUE -5 alloy 
coating, 0.5 mm thick 

10-12% 

16-17% 

18-20% 

20-25% 

! 


Notes A deformation rate under the test was equal to 

7.10“3 mm/iuia. The thermo-cyclic tests of the fuel 
elements were carried out in order to determine the 
strength of cohesion of the the coating with uranium, 
the plasticity and corrosion resistance of the coating. 
The tests were performed at temperatures 50^500°C. 

It was proved that protective layers of ME -4, IIME -2, 
nUB -5 alloys stand 600-700 cycles without breakdown 
of the hermeticity of the coating and without exfolia- 
tion of the coating from the uranium core . The roughness 

rises in this case up to 150^170 Jj and that is explained 
primarily by different; coefficients of linear expansion 
of uranium and magnesium-beryllium alloys. 
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The radiation tests of the fuel elements in the reac- 
tor in the pressurized flow of carbon dioxide of 60 atm in 

the range of temperatures 150 t- 5 B 0 °C and in the integral 
neutron flux of 2.10 n/sq.cm for 6000 hours showed that 
the protective coatings fabricated from the developed mag- 
nesium-beryllium alloys met the requirements of the coating 
material used under these conditions. 

No corrosion or mechanical destructions of the fuel 
elements were observed, no failure in hermeticity.No changes 
were detected in the alloy structure because of irradiation. 

CONCLUSION 

Heat-resistant Mg-Be alloys containing the amounts of 
beryllium exceeding the limit of solubility of beryllium 
are developed. Investigations of the properties of these 
alloys as a cladding material for fuel elements (long-time 
heat-resistance, mechanical properties, ignition resistance, 
compatibility with other materials, leak-tightness of fuel 
elements coating under thermo-cyclic and reactor conditions) 
were performed. 

The Mg-Be alloys be used as a cladding material for 
fuel elements of reactors cooled with carbon dioxide at the 
coating surface temperature of 520-530°C. 
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Fig. I. Structure of hot-pressed rods of Mg- Be alloys: 

a) MB -4 alloy (x200); b) flME -2 alloy (x340). 
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Fig. 2. Outward view of articles made of Mg- Be alloys. 
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Fig. 3« Relative elongation of the powder magnesium alloys 
tested under low rated of -tension (1.6% p/h) 

0 - Mg + 0.3% MgO alloy 
0 - IIMB-5 (Mg + 0.3% %0 + 5% Be). 



Fig. 4. Curves of oxidation of magnesium-beryllium alloys 
in different gases ( {\ P — increase in weight 
mg/sq.cm t - hours). 
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Fig. 5. Outward view of the samples after testing in the air 
at the temperature of 580°C: 

1 - non-alloying magnesium, 0.5 hrs. ; 

2 - Mg-Si-Be alloy ( MB -A), 400 hrs. (beginning of 

decay) ; 

3 - distilled Mg-Be alloy; 0.5% Be, 1000 hrs; 

A - IIMB -0.5 alloy, 500 hrs. (beginning of decay); 

5 - IIMB -2 alloy, 12000 hrs. (beginning of decay); 

6 - IIMB -5 alloy, 12000 hrs. 
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Fig. 6. Oxidation of Mg-Be alloys in the air: 

1 - 0.16% ; 2 - 0.98%; 3 - 2.69% Be. 
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Pig. 7. Oxidation of Mg— Be alloys in damp air. 

A - distilled Mg-Be alloys; I - 0.03%} 2 - 0.16%; 
3 - 0.27%; 4 - 0.7% Be 

B - IIME alloys; 5 - 2.5% Be; 6 - 5% Be. 
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Pig. 8. Oxidation of Mg-Be alloys in damp carbon dioxide: 

I - 0.03% Be, 2 - 0.16% Be; 3 - 0*7% Be (distilled 
alloys); 4 - 0.5% Be; 5 “ 1% Be; 6 — 5% Be ( IIME 
alloys). 
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9. The view of the surface of the fuel element samples 
before and after testing in the carbon dioxide at 
50 atm; 

1 - cDating before testing; 

2 - coating of nME “2 alloy, 550°C 7000 hrs; 

3 - coating of UME -2 alloy, 550°C 7000 hrs; 

4 - coating of I1ME -5 alloy, 550°C II 000 hrs. 

(x2.7). 



Fig» 10. Impoverishment in beryllium of the coating made of 
distilled Mg-Be alloy, (1.32% Be) of the fuel ele- 
ment after testing in C0 2 at 580°C, 500 hrs. 

1 - coating - gas limit 5 

2 - coating- uranium ( x 200 ) limit . 
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